Abstract-Enhancement of the thermal properties of high-T c superconducting (HTS) magnets has been investigated using built-in cryogenic oscillating heat pipes (OHPs). A cryogenic OHP is built into windings of an HTS magnet to improve the thermal properties of windings and to protect them from damage caused by a large temperature gradient. It is rather difficult for an HTS magnet to quickly remove the heat generated in windings, especially, in a protection operation when a magnet quenches, because the thermal diffusivities of component materials of windings decrease with an increase of temperature. Therefore, a local hot spot can be formed in a magnet, and there are possibilities of having degradation of superconducting properties and/or mechanical damages by thermal stresses. A flat-plate cryogenic OHP has been developed that is suitable for imbedding in magnet windings as a high-performance heat transportation device in order to increase the thermal conductivity and the thermal diffusivity at the same time. By using hydrogen, neon, and nitrogen as working fluid, its excellent thermal transport properties have been proved in the operating temperature range of 18-84 K.
I. INTRODUCTION
A HIGH operating temperature, improves the stability of a HTS magnet compared with a low-T c superconducting magnet. However, it is rather difficult for a HTS magnet to quickly remove the heat generated in windings, especially, in a protection operation when a magnet quenches. It is caused due to the decrease in the thermal diffusivities of component materials of windings with the increase of temperature. Therefore, a local hot spot can be formed in a magnet, and there are possibilities of having degradation of superconducting properties and/or mechanical damages by thermal stresses. In order to realize a large-scale HTS magnet such as magnetic confinement for fusion reactor, SMES, etc., it becomes very important whether the heat generated in the magnet can be taken out outside efficiently in a short time. The thermal diffusivity of the magnet cannot be enlarged at the same time by inserting metallic plates of the high thermal conductivity in the windings, and there is a limit in the amount of heat that can be taken out outside within T. Mito, K. Natsume, N. Yanagi, and H. Tamura are with the National Institute for Fusion Science (NIFS), Gifu 509-5292, Japan (e-mail: mito@LHD. nifs.ac.jp).
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Digital Object Identifier 10.1109/TASC.2013.2251393 the fixed time. We focus attention on an oscillating heat pipe (OHP) [1] as a heat transportation element that can achieve the high thermal conductivity and the high thermal diffusivity at the same time, and are working on the development research into a new cooling structure of the build-in cryogenic OHP in the magnet windings. The OHP has a long capillary which is bent into many turns and a working fluid with two-phase mixture is filled inside the capillary as shown in Fig. 1 . The OHP is a highly efficient two-phase heat transporting device which can transport the amount of heat several orders of magnitude greater than that by thermal conduction in solid. The OHP utilizes the pressure change in volumetric expansion and contraction during phase changes, which excites oscillation motions with liquid plugs and vapor bubbles between the evaporator and condenser. As a result of our previous studies, the cryogenic OHP has achieved the stable operation in a wide temperature range with the high effective thermal conductivity and the quick response time [2] - [6] . In the previous studies, the proto-type cryogenic OHP has been used, which consists of an evaporator section and a condenser section both made of copper blocks, and stainlesssteel pipes bent into many turns connect these sections. This simple structure of the prototype OHP was adequate to investigate the feasibility of cryogenic OHP, however, it is unsuitable to build-in OHP in magnet windings. In this paper, a flat-plate cryogenic OHP has been developed, that is suitable for imbedding in magnet windings. The test results are reported by using hydrogen, neon, and nitrogen as working fluid to prove its excellent thermal transport properties in the operating temperature range of 18-84 K. 
II. FLAT-PLATE CRYOGENIC OHP

A. Structure of a Flat-Plate Cryogenic OHP
The basic design concept of a flat-plate cryogenic OHP is shown in Fig. 2 . The structure of a flat-plate cryogenic OHP refers to that of the 3D FP-OHP described in [7] . The 3D FP-OHP was a flat plate OHP with three-dimensional channel, where two layers of square channels were utilized to increase the channel density. A number of grooves were milled on each side of the base plate. Connecting grooves and holes were made at the end of each channel -allowing for the three-dimensional, inter-twining flow channel configuration. Then the base plate was braze-sealed with two thin cover plates. In the design of a flat-plate cryogenic OHP, to attempt the improvement of reliability and productivity, we have improved as follows from [7] . Stainless steel (SUS316) instead of copper was used as the base plate and the cover plates to endure a large electromagnetic force in the magnet windings and to reduce AC losses for pulse operations. The base plate was divided into upper and lower two plates, and the penetrated channel grooves were processed to each plate with the laser beam machine. As a result, the processing time can be greatly shortened by comparing it to the process that the channel grooves were milled on upper and lower sides of one plate with the milling machine. Then two base plates and upper and lower cover plates made the leak-tight seal structure by the vacuum brazing at one time. Fig. 3 shows the drawing of two base plates (95 mm in width, 225 mm in length, and 1.5 mm in thickness). 11 channel grooves are processed to one layer, and total of 22 channels are composed of two layers. One channel has a square section of 1.5 mm × 1.5 mm, and the length of the channel is 200 mm. Two cover plates (1 mm in thickness) are the same size of the base plate without grooves. External size of the flat-plate cryogenic OHP is 5 mm in thickness, 95 mm in width, and 225 mm in length. Gross-sectional area (1.5 × 1.5 × 22 = 49.5 mm 2 ) of the 22 channels filled with the working fluid is 10.4 % against total cross section (95 × 5 = 475 mm 2 ) of the flatplate cryogenic OHP. The primary consideration was to have a sufficiently small channel diameter for inducing capillary action for the selected working fluids. The maximum, allowable hydraulic diameter for a given working fluid, D crit , can be found by
where γ is surface tension (N/m), g is acceleration due to gravity (m/s 2 ), ρ l is density of liquid (kg/m 3 ), and ρ v is density of vapor of working fluid (kg/m 3 ) [7] . The values of D crit of hydrogen, neon, and nitrogen are 3.34 mm, 1.28 mm, and 2.12 mm, respectively. The maximum diameter of neon is 1.28 mm, which is smaller than 1.5 mm of the channel groove. However, if the effect of the increase of the surface tension of a square groove was considered, it judged in the tolerance. Fig. 4 shows the stainless steel base plates where the grooves were processed with the laser beam machine. Two base plates and upper and lower cover plates were assembled inserting Nibased brazing filler metal sheets to which the channel grooves were processed by etching. The assembled flat-plate OHP was constrained by the jig, and was heated for brazing to about 1000
B. Manufacturing of the Flat-Plate Cryogenic OHP
• C in the vacuum furnace delimited to 3 rooms of the preparatory room, the heat chamber, and the cooling room. Fig. 5 shows the completed flat-plate cryogenic OHP after brazing. The confirmation of inside of the OHP was conducted by the ultrasonic inspection. It was confirmed that the channel structure including the sharp edge corner part of the grooves was kept without the brazing filler metal merging in the channel grooves. Afterwards, the leak tightness check was done and it was confirmed no leak. Fig. 6 shows the experimental set-up for cryogenic operation tests. A kapton foil heater (76 mm in width, 38 mm in length, and resistance 180 Ω) was attached to the surface of the bottom part of the flat-plate OHP to make a evaporator. On the other hand, the upper part was connected to the cold head of the GM cryocooler with copper bus-bar to make a condenser. Resistive thermometers were attached on the OHP at the surfaces of the evaporator and the condenser in order to investigate heat transport characteristics of the OHP. The testing OHP was covered with the radiation shield and installed in the vacuum vessel. The inlet of the working fluid is connected to the buffer tank through an isolation valve. The pressure gauges are installed in the buffer tank and the filling pipe, which are used to control the amount of working fluid to the OHP and to monitor the self-oscillation of the OHP. The working fluid of the OHP can be changeable among H 2 , Ne and N 2 according to the operation temperature.
III. CRYOGENIC OPERATION TESTS
A. Set-Up for Cryogenic Operation Tests
The heat transport characteristics of the OHP were investigated by observing the temperature difference between the evaporator and condenser by changing the heater power, the initial temperature of the condenser, the liquid filling ratio of the working fluid, and the kind of working fluid. The effective thermal conductivity k is defined as where the cross-sectional area means the total cross section (95 × 5 = 475 mm 2 ) of the flat-plate cryogenic OHP. Fig. 7 shows thermal transport properties of the OHP using H 2 as the working fluid. Fig. 7(a) shows temperature changing at the bottom part of the OHP (evaporator) and the upper part of the OHP (condenser). Both temperatures changed depending on the heat input of the heater [ Fig. 7(c) ]. There were also irregular temperature changes because the heater installed in the copper bus-bar connecting to the GM cryocooler was controlled by hand. The temperature difference between the upper part and bottom part of the OHP was plotted in Fig. 7(b) . It was shown that the temperature difference was kept almost constant value of 1 K. From a small heat input of 0.5 W, the self-induced vibration from 1 to several tens Hz was always observed in the pressure gauges, and the stable operation of OHP was observed. The temperature difference of 1.5 degrees was observed with zero heat input both at 0 s and 6000 s. It is because that the thermal conductivity of the stainless steel is very small as 2.5 W/m · K when the OHP is not working, and the small heat input from the wirings of the heater and the thermal radiation, etc. of 6 mW causes temperature gradient of 1.5 degrees. The working fluid of the OHP was changed into Ne and N 2 , the stable operation of the OHP was confirmed as well as the case of H 2 . The operating temperature of OHP was different according to the working fluid, and it became H 2 (18-24 K), Ne (23-45 K), N 2 (79-84 K).
B. Test Results
The effective thermal conductivities calculated by (2) were plotted in Fig. 8 for each working fluid of H 2 , Ne, and N 2 as a variable of the heat input. The effective thermal conductivities increased with the heat input. It was thought that the selfinduced vibration of the OHP was activated in proportion to the heat input. The effective thermal conductivity of N 2 had the peak at the heat input of 7 W. It is thought that the dryout in the part of the OHP channels occurred at the high heat input region because of the lack of the cooling ability on the condenser section. It can be improved by decreasing the thermal resistance at the condenser section or increasing the cooling surface. The effective thermal conductivities reached H 2 (850 W/m · K), Ne (2500 W/m · K), N 2 (3500 W/m · K). These values were calculated by the total cross section of the OHP. Considering the sectional area of the channels was 10.4% of the total cross section of the OHP, the effective thermal conductivity in the channels became ten times larger than the above values, and which surpassed high thermal conductivity of high-purity metals at the cryogenic temperature.
Stable operations of the cryogenic OHP within the wide operational ranges have been confirmed. In addition, it has been demonstrated to have high heat transport characteristics which surpass those of high-purity metals. Table I summarizes the measured thermal properties of the flat-plate cryogenic OHP. Fig. 9 shows a conceptual design of HTS magnets using the built-in cryogenic OHP. The cooling panels that incorporate OHP are set up in both side of double-pancake coil windings with HTS tapes. Cooling pipes that circulate around refrigerant are set up on the inner diameter side and the outer diameter side of the windings. The heat generated in the windings is transferred to the inner and outer sides in working of the OHP. As a result, the magnet can be cooled efficiently with a simple cooling flow. Moreover, the hot spot in the windings can be prevented when the magnet quenches.
IV. VISUALIZATION EXPERIMENT AND NEXT PLAN
The room-temperature experimental setup that can visualize the operation of OHP was assembled before the cryogenic experiment. Parallel operation of a number of OHPs connected with the buffer tank, center heating and both ends cooling mode of the OHP, etc. have been confirmed. The channel configuration is the same as that of the flat-plate cryogenic OHP, it visualizes by replacing upper cover plate with the transparent plate of poly ether sulphone. A striped pattern of the gas/liquid was observed in the OHP using ethanol as the working fluid. The stable operation of the OHP was confirmed by the accrual of the self-induced oscillation. Because of the confirmation of stable operation of the OHP by the visualization experiments at the room temperature, the cryogenic demonstration test of the built-in OHP with a dummy magnet is scheduled as the next stage.
V. SUMMARY
The flat-plate cryogenic OHP has been developed, which is suitable for the built-in OHP imbedding in HTS magnets. The test results using hydrogen, neon, and nitrogen as working fluids proved its excellent thermal transport properties with the effective thermal conductivities of H 2 (850 W/m · K), Ne (2500 W/m · K), and N 2 (3500 W/m · K) in the wide operating temperature range of 18-84 K. The stable parallel operation of a number of OHPs connected with the buffer tank has been confirmed by the visualization experiments.
